Abstract: The purpose of this research is to establish a scale for comfort with regard to whole-body vibration by the category judgment method. Experiments were conducted with random signals as stimuli. These stimuli consisted of three types of signal, namely stimulus F, with flat PSD (Power Spectrum Density) ranging from 1 to 100 Hz, stimulus H with PSD, which became 20 dB higher at 100 Hz than at 1 Hz, and stimulus L that had a PSD 20 dB lower at 100 Hz. These signals were modified by Wk frequency weighting in accordance with ISO 2631-1, and the R.M.S. values were adjusted to be equal. In addition, the signal levels were varied over a range of five steps to create 15 kinds of individual stimuli. The subjects sat on a flat, horizontal metal plate mounted directly on the vibrator and were exposed to vertical vibrations before being asked to choose a numerical category to best indicate their perceived level of comfort (or otherwise) during each stimulus. The creation of this assessment scale, including the aforementioned categories, enabled not only clarification of the relationship between the vibration stimuli and the degree of comfort but also discovery of the connection between the frequency-weighted R.M.S. acceleration and the corresponding categories representing each degree of comfort without overlap. Moreover, it became clear that the subjects' assessment of the degree of comfort perceived differed with differences in the vibration spectrum.
Introduction
The scaling problem of ISO2631-1
Quantitative evaluation of the "degree of comfort" is an important aspect to consider when evaluating the nature of products, or the establishment of a design-objective value during vehicle development. ISO2631-1 1) which defines an acceptable standard of body vibration is the generally accepted evaluation criteria for evaluating whole-body vibration as part of overall in-vehicle comfort.
ISO2631-1 defines whole-body vibration in the seated position as the vibration received from the seat and the seat back as well as the vibration from the floor to which the feet are subjected. Meanwhile, the comfort of a seated person is evaluated in terms of frequency-weighted R.M.S. acceleration that is calculated as the sum of recorded vibration on a total of twelve axes after weighting based on the frequency-weighting curve. The twelve axes include translational motion axes for the seat back and feet areas (x, y, and z), translational motion axes for the seat (x, y, and z) and the rotational axes (r x , r y , r z ) whereas the vibrations in question are periodical, random and transient in nature, ranging from 0.5 to 80 Hz. In the attached document C.2.3. entitled Comfort Reactions to Vibration Environments of ISO 2631-1, the following values as shown in Table 1 (5) are given as approximate indications of the likely reaction to various degrees of whole-body vibration experienced in public transport vehicles. As shown, there are areas of overlap between the two reaction groups covered by the ISO2631-1 scale and its presence is problematic in determining the appropriate presumed reaction concerning the degree of comfort based on the physically recorded vibration level. For example, if the frequency-weighted R.M.S. acceleration is 1.5 m/s 2 , this cannot just be unilaterally assessed as an "Uncomfortable" or "Fairly uncomfortable" level. This problem exposes a partial inability to perform quantitative evaluation of a degree of comfort and makes the evaluation of the nature of the products or establishment of a design-objective value more difficult.
The background to the establishment of the ISO2631-1 scale
The establishment of the values contained on the ISO2631-1 scale is thought to be based on a reference to BS 6841 2) which was established from the research performed by Fothergill 3) , Jones and Saunders 4) , Oborne and Clarke 5) , Fothergill and Griffin 6) and others. The results of these studies were compared in Fothergill and Griffin and represented as shown in Table 1 (1)- (4) .
Fothergill conducted an experiment whereby each subject was asked to adjust the level of 8Hz vertical sinusoidal vibration until they experienced one of five categories of sensation relating to the degree of comfort experienced. Based on these experiments he reported the average values selected and the standard deviations (Table 1 (1)). Fothergill and Griffin conducted a similar experiment with 10 Hz vertical sinusoidal vibration and four categories of phrase to express the degree of comfort (Table 1 (4)). Jones and Saunders meanwhile conducted an experiment with nine types of sinusoidal vibration in which subjects were asked to judge the time for which the magnitude lasted during standard vibration before applying those results to five categories obtained from another experiment to establish a scale (Table 1 ( 2) ). In their initial experiment, Oborne and Clarke created an equivalent sensitivity curve by having each 3) ).
The four aforementioned research projects all used the subjective adjustment method that can be classed as one involving constant measurement 7) to establish a relationship between the level of vibration stimulus and the perceived degree of comfort. Since this method applies the average values and standard deviations of the overall experimental assessment results based on a pre-determined scale, overlapping between adjacent categories may be inevitable.
As mentioned above, Oborne and Clarke created a widthbased scale by collating the results of two different experiments, but, at the same time, they raised the question of the suitability of merging the results of different experiments. Consequently, it can be surmised that the problem of category overlap will persist in ISO2631-1 since it depends on experiment results obtained from this means of measurement.
Proposed solution to the problem
The methods of measurement for material not directly observable, such as human reaction to stimuli, are categorized as psychological measurement, roughly divisible into two types, namely scaling and constant measurement. Whereas the scaling method involves "the creation of a scale" to measure the psychological concepts involved, the constant measurement method involves an assignation process linking suitable evaluation to "a pre-determined scale". Since the four research projects mentioned all used the subjective adjustment method, ISO2631-1 is thought to include considerable degrees of overlap between categories.
The presence of such overlap leads to the problematic situation in which the corresponding human reaction in relation to comfort cannot be ascertained over a vibration stimulus of a certain strength according to the ISO2631-1 scale, but no research has investigated this problem and no solution has yet been presented to resolve the overlap issue. Consequently, this research project included an attempt to solve the problem by the category judgment method 8) , one of the scaling methods. The establishment of the scale involves the problem of unequal intervals since comfort is basically expressed with an order scale. But, according to the category judgment method, which implies that the reaction to a stimulus forms a normal distribution on a psychological continuity 8) , the interval of the scale can accurately be defined and, from a single experiment, achieve a scale that connects physical values with continuous categories that represent psychological values without overlapping. Although the width of a category is adjusted in the category judgment method so that the distribution of the judgment category in response to a stimulus may turn into a normal distribution, it cannot measure directly and investigate whether the reaction of the subject corresponding to the judgment itself is a normal distribution. Therefore, also in this research, as in the reference 8) , the distribution of reaction to the stimulus to a subject was assumed to be a normal distribution, and the value of a category boundary was decided from the category obtained.
Maeda et al. 9) successfully composed a scale to evaluate the localized vibration transmitted to hands and arms with the category judgment method, showing a clear relationship between the frequency and level of vibration acceleration and the respective psychological values. Moreover, Sumitomo et al. 10) used the category judgment method to successfully identify changes in the psychological values of perceived vibration from the Shinkansen bullet trains in subjects before and after the Kobe Earthquake of 1995.
The vibration stimuli, which were used in the experiments by Fothergill and Griffin, Fothergill, Jones and Saunders and Oborne and Clarke comprised combinations of single frequency sine waves. ISO2631-1, which was thought to be established based on these experiments, implies that this scale can be suitably applied to frequency-weighted R.M.S. vibration acceleration. Nevertheless, no research has been done on clarifying the relation between a sensory scale and frequency-weighted R.M.S. vibration acceleration, which attributes a physical value to whole-body vibration. Therefore, this research included an experiment with the category judgment method to establish a scale with vibration stimuli with three kinds of spectrum in the direction of the Z (vertical) axis, and scrutiny as to the applicability of the ISO2631-1 scale to frequency-weighted R.M.S. vibration acceleration.
Experiment
The experimental conditions are shown in Table 2 .
Experiments were conducted with random signals for stimuli over a frequency range of 1-100 Hz, similar to the ISO evaluation range. In addition, in order to clarify the individual characteristics of the different frequencies, spectra with varying degrees of high and low frequency components are used. The stimuli consisted of three kinds of signals, namely designated stimulus F, with a flat PSD from 1 to 100 Hz, stimulus H with a PSD, which became 20 dB higher at 100 Hz than at 1 Hz and stimulus L with a PSD 20 dB lower at 100 Hz and the spectra of these signals are shown in Fig. 1 . The signals were modified with a frequency weighting of Wk based on the ISO2631-1 standard, and the frequencyweighted R.M.S. accelerations were adjusted to be equal. Furthermore, the levels of the signals were varied over a range of five steps to make 15 kinds of stimuli. In order to enable comparison with the ISO2631-1 values, accelerations of 0.2, 0.4, 0.8, 1.2 and 1.8 m/s2 R.M.S. were used for the five steps because they fell roughly in the middle of the five ISO2631-1 comfort categories, "Not uncomfortable", "A little uncomfortable", "Fairly uncomfortable", "Uncomfortable" and "Very uncomfortable". These signals were each used three times, comprising a total of 45 stimuli applied in random order, as shown in Fig. 2 , each applied for a duration of five seconds with a two-second pause between stimuli for each subject in the experiment. This meant that each subject was exposed to a total of 225 s of vibration which, even when the exposure time is considered, is within the acceptable range for the ISO13090-111) standard.
Experimental Apparatus
An experiment involving human subjects was conducted in the laboratory of the National Institute of Industrial Health, Kawasaki, Japan. An Akashi AST-11V electro-magnetic shaker with an Akashi E-DA power amplifier was employed in the experiment. Vertical acceleration at the interface between the top face of the shaker and the subject was measured with a B&K 4871 piezo-electric accelerometer with a B&K 2635 charge amplifier, as shown in Fig. 3 .
Subjects
Since a meaningful psychological experiment can be performed with at least ten subjects 12) the experiment involved 11 men and two women, a total of 13 persons. Their average age, height and weight were 26.8 ± 9.1 years old, 169.7 ± 8.8 cm and 61.3 ± 10.1 kg respectively. None of the subjects were regular smokers and although some had previously experienced lower-back pain, none had any such problem at the time of the experiment. The subject data are shown in Table 3 .
Experimental procedure
The experiment was carried out after the subjects read the experiment instruction sheet (Appendix 1), understood it and signed a letter of consent and also obtained the approval of the National Institute of Industrial Health ethics committee.
To ensure the experiment procedure was well understood, each subject was asked to watch the previous subject actually undergoing the experiment procedure. The subjects were asked to sit on the vibrator in a relaxed pose, maintaining their upper body in a roughly vertical posture with their hands on their knees and avoiding any change in posture as far as possible throughout the experiment. No belt was used to fasten the subjects in any given position.
The vibration load was applied in the direction of the Zaxis with a predetermined stimuli program input into the vibrator, then applied to the subject sitting on the vibration platform. The stimuli signals were constantly monitored on an oscilloscope and the subject was verbally notified before each stimulus commenced, subsequently giving a verbal response in return. The subjects were instructed to notify the experimenter if they found themselves beginning to feel nauseous or otherwise unwell during the course of the experiment, so that the vibrator could be turned off immediately.
The subjects issued a verbal response to each vibration stimulus, selecting from the five evaluation categories shown in Table 4 , with the designated numeric value (1 to 5) for each category. To enable comparison with ISO2631-1, the vibration evaluation categories used in the category judgment method were the same five ISO2631-1 comfort categories, namely, "Not uncomfortable", "A little uncomfortable", "Fairly uncomfortable", "Uncomfortable" and "Very uncomfortable" as is shown in Table 4 in corresponding Japanese. To ensure the subjects could provide appropriate responses, the five categories were clearly visible in front of the subjects during the experiment. As shown in Fig. 2 , the vibration stimuli were applied in succession at two-second intervals and the subjects were asked to provide their response to each stimulus before the next one commenced. Prior to the experiment there was some concern whether or not the subjects would be able to provide their responses within the five-second duration of the stimulus and the ensuing two-second rest, but during the actual experiment, all subjects were found able to provide their responses within the allotted time.
Calculation Process by the Category Jadgment Method
Establishment of the scale The order of the stimuli applied to the subjects S n (n=1~45) and the evaluation recorded by the subjects to each stimulus P1  P2  P3  P4  P5  P6  P7  P8  P9  P10  P11  P12  P13   S1  F 0.8  3  3  3  2  3  2  2  2  2  3  3  2  3  S2  H 1.8  4  4  4  2  3  1  3  3  3  4  3  2 P i (i=1~13) are shown in Table 5 . The numerical values represent the evaluations given by the subjects in response to the stimuli with the numerical categories corresponding to those shown in Table 4 , and the stimulus name indicates the type of stimulus used. For example, the first stimulus "F 0.8" indicates an F-type stimulus with a frequencyweighted R.M.S. acceleration of 0.8 m/s 2 ( Fig. 1) . Similarly, H 1.8 indicates an H-type stimulus of 1.8 m/s 2 and L 0.8 indicates an L-type stimulus of 0.8 m/s 2 . To determine whether there were any differences in the categorical evaluations between differing subjects or vibration stimuli, variance analysis was applied to the data in Table 5 . The results of that analysis are shown in Table  6 , and since the deviation of P among the subjects was relatively small, compared to that of A for the vibration stimuli, the subjects in this experiment can be said to have demonstrated fairly uniform agreement on the boundaries of the categories.
The scaling was carried out by the category judgment method based on the results in Table 5 . First, a frequency distribution matrix F ij of the evaluation for each category j (j=1~5) versus 15 types of stimuli R i (i=1~15) was created (Table 7) , derived from the experiment results (Table 5) with the frequencies being totaled in terms of individual vibration stimuli. Next, the formula
k=1 was used to convert the frequency distribution F ij into the accumulation ratio G ij for R i with regard to categories 1 to j. Here, r (=3) represents the repetitions of each stimulus and N (=13) is the number of subjects. Next, the deviation ratio Z ij (j =1~g) corresponding to the accumulation ratio G ij was obtained with the following equation (2) . This is based on the approximation equation by Hastings et al. 13) , simplified to satisfy the required degree of precision in the calculation for the experiment, deriving Z ij that corresponds to a given upper probability G ij (0< G ij <0.5) on a normal distribution. 
Next, an estimated value for the width of adjacent categories for each stimulus was derived with equation (3).
Here, the values -3.75 and +3.75 were adopted for the lower and upper limit of the deviates, which correspond to percentage points in 0.01% and 99.99% respectively. Then, using the result of equation (3), the average estimated value for the width of each category was obtained, taking the mean for 15 stimuli as the origin with equation (4) .
Next, with the result of equation (4), a scale value L j for the upper limit of each category was obtained with equation (5) .
From the result of equation (5) a median value C j for each interval of every category was obtained as a typical percategory value with equation (6) .
Then, according to the general operation method of the category judgment method, C j was converted to the absolute scale value A j with the equation (7) based on the idea that the median point of the center category 3 represented a significant zero,
The limit values and medians obtained in this way for each category of the vibration comfort stimulus are shown in Table  8 .
Positioning of the vibration stimuli on the scale
Next, in order to position the vibration stimuli used in the experiment on the remodeled scale, the scale value for the median frequency distribution for each individual vibration stimulus R i was obtained with equation (8), with the upper limit scale value L j and accumulated ratio G ij
Furthermore, an absolute scale value U i was obtained with equation (9) as is shown in Table 9 .
U i is the value given by 50% of the 13 subjects as their psychological evaluation of the vibration stimulus R i . This result was used to obtain regression equations expressing the relationship between the frequency-weighted R.M.S. acceleration V and the corresponding U on the absolute scale value as follows. Table 9 in Fig. 4 . Next, equation (11) was used to convert the scale value L j for the upper limit of the categories shown in Table 8 into an absolute scale value LA j , and then a corresponding frequency-weighted R.M.S. acceleration V j to LA j was obtained for each stimulus respectively by using equation (12) which are variants of equation (10) (Table 10) .
V j = 10
In this way category boundaries without overlap between adjacent categories were obtained. This result is shown in Fig. 5 along with the ISO2631-1 scale. 
Results and Discussion
No research had been carried out into the scaling of ISO2631-1 with regard to the overlapping of categories and no solution had yet been presented to resolve this problem. In this research, with the category judgment method, a scale for evaluation of comfort, namely an order scale with unequal intervals, was established to associate physical values with psychologically continuous categories without overlaps as shown in Table 10 . Consequently, the original problem, an inability to specify a measured vibration stimulus of a certain magnitude on the scale of comfort was shown to be resolved. But since it is what is depended on the subjects in the limited range, the result obtained by this research remains as a future subject concerning the affection of the attribute of subjects, such as a sex, age and race etc. Table 10 and Fig. 5 show that although the lower limits for each category exceed the ISO2631-1 values, the results for the type F stimuli are the closest to the ISO2631-1. In addition, based on the shift to higher frequency-weighted R.M.S. acceleration shown by H-type stimuli category values obtained from the show as compared to stimulus F, it can be surmised that the H stimuli were perceived to be less uncomfortable than the F stimuli for the same frequency- weighted R.M.S. acceleration. Conversely, current results show that with the L-type stimuli, there was an increased tendency to perceive a stimulus with the same degree of frequency-weighted R.M.S. acceleration as more uncomfortable than the F stimulus.
Furthermore, Fig. 4 reveals the existence of a linear relationship between the logarithm of the frequency-weighted R.M.S. acceleration V and the corresponding psychological value U for each vibration stimulus, but the nature of this line changes according to the particular vibration stimuli within the different vibration stimulus spectra. In the case of a smaller frequency-weighted R.M.S. acceleration such as 0.2 m/s 2 , no significant difference is noticed in response to the vibration stimuli. But, as the values increase, the difference in the perceived degree of comfort also increases correspondingly, to the point that at 1.2 m/s 2 all three stimuli types provide different results, with the F stimulus designated "Uncomfortable", the H stimulus "Very uncomfortable" and the L stimulus "Fairly uncomfortable" respectively.
This result shows that when random signals are applied as vibration stimuli, even if the R.M.S. acceleration frequency-weighted by the ISO2631-1 Wk is the same, signals made up of different frequency spectra will elicit differing evaluations of the degree of comfort. Therefore, this may indicate the need to re-examine the method used for frequency weighting in this case.
Conclusion
In this study, to clarify the relationship between physical values of stimuli applied to the whole-body and the perceived degree of comfort, an experiment using the category judgment method for scaling responses to wholebody vibration was carried out. The following conclusions were obtained. 1) By using the category judgment method, relationships between vibration stimuli and the degree of comfort were shown to be able to be clarified given frequency-weighted R.M.S. accelerations being connected to the categories of comfort avoiding any overlap. 2) It was clarified that, when comparing the ISO2631-1 with the results of the experiment, the ISO2631-1 categories "Fairly uncomfortable", "Uncomfortable" and "Very uncomfortable" registered a lower degree of frequencyweighted R.M.S. acceleration than the same categories used in the experiment. 3) It became clear that vibrations with different spectra caused differences in the perception of the degree of comfort for individual stimuli even when the frequency-weighted R.M.S. accelerations, subject to the Wk frequency in ISO2631-1, were the same. It was also observed that the degree of discomfort increased when the stimuli used contained a higher percentage of lower frequency components. 4) It was also clarified that the differences in the perceived degree of comfort increased in proportion to the increase in frequency-weighted R.M.S. acceleration.
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[Appendix 1]
To subjects
Instructions for the "Experiment concerning the Evaluation of Whole-body Vibration with the Category Judgment Method"
The purpose of this experiment is to measure the way vibrations are felt.
Please describe the feeling caused by the applied vibration using one of the following phrases and reply verbally with the phrase number. This list will be posted in front of the vibration machine so it can be easily seen by the participants.
When you enter the laboratory, please follow the instructions of the experimenter and sit on the vibration machine.
Please sit up straight and try not to alter your posture during the experiment as much as possible.
You will be exposed to 15 different types of vibrations three times each, making a total of 45 vibrations. The vibrations will be transmitted in random order and will last five seconds each with a two-second rest between vibrations. The first vibration you receive will be one of medium strength for the sake of orientation in gauging your reactions.
If you begin to feel sick or in pain during the experiment, please inform the experimenter.
If you have any questions please also ask the experimenter.
Thanking you in advance for your kind cooperation.
